Hydraulic retarders are extensively used in commercial vehicles because of their advantages, such as their large braking torque and long continuous operating hours. In this article, the structure and working principles of hydraulic retarders are introduced, and their dynamic characteristics are analyzed. The theoretical model of a hydraulic retarder is then established based on the dynamic analysis of a vehicle driving downhill. The braking process that involves the hydraulic retarder is divided into three stages. Moreover, the filling ratio controller of the hydraulic retarder is designed by adopting fuzzy control theory to control the braking torque of the vehicle while driving downhill. The vehicle dynamic model and constant-speed control model were then established in the MATLAB/Simulink environment. The simulation results showed that the fuzzy logic controller designed in this study has good constant-torque control and anti-inference performances, which can accurately and immediately produce braking torque to satisfy the braking requirement, thereby enabling the vehicle to drive downhill at a constant speed. As a result, the control strategy designed in this article can lead to significant improvements toward a safe road transport.
Introduction
During heavy-duty driving on long and steep downgrade sections of roads, a vehicle may continuously and frequently use its service brake, which may lead to an increase in thermal load and serious wear of the brake; consequently, braking failure may occur because of heat recession of the mechanical brake and may cause security risks and traffic accidents. [1] [2] [3] Being widely used in commercial vehicles, hydraulic retarders are auxiliary devices that can reduce the vehicle speed by converting the mechanical energy of a driving vehicle into the thermal energy of the working oil. 4 Compared with other auxiliary devices, hydraulic retarders have many advantages such as light mass, large braking torque, long working hours, good thermal diffusivity, and zero pollution; 5 the continuous braking performance can effectively solve the security issues caused by the excessive use of the service brake, thereby increasing the driving safety of the vehicle. One of the main functions of the hydraulic retarder is that it enables the vehicle to drive downhill at a constant speed. This function can be achieved by changing the braking torque of the hydraulic retarder. The constant-speed function determines whether the vehicle 1 can drive stably and safely on long and steep downgrade sections. Therefore, studying the constant-speed control strategy during downhill driving is particularly important. 6 Numerous studies have investigated the control strategy of the hydraulic retarder. Liu et al. 7 employed a mathematical model to analyze the effects of rotor speed and filling ratio on the output torque. Li et al. 8 proposed a filling ratio control strategy of four shifts, where the filling ratios are 25%, 50%, 75%, and 100%; the simulation was conducted on a long downhill road under various weather conditions. Lu and Cheng 9,10 proposed a constant-speed control strategy by changing the control cycle, initial liquid charge, and variation in liquid charge in each control cycle. Song 11 designed a proportional-integral-derivative (PID) controller for the hydraulic retarder to control the filling ratio, and a comprehensive mechanical electrohydraulic simulation was conducted. Zhang et al. 12 proposed a type of intelligent control method based on fuzzy logic and conducted an experiment on actual vehicles. Yan et al. 13 developed a hydraulic retarder model through test data and artificial neural networks; the control strategy was verified through SimulinkAMESim co-simulation.
However, in simplifying the braking process of downhill driving, previous studies ignored the influence of the thermal design power of the radiator on the braking performance of the hydraulic retarder; the constant-speed control strategy of the hydraulic retarder cannot accurately calculate the target braking torque required, and the vehicle speed error is relatively large. Considering the thermal design power of the radiator, this study analyzes in detail the braking process of the vehicle using a hydraulic retarder. The vehicle speed error, vehicle acceleration, and target filling ratio of the hydraulic retarder based on fuzzy control theory are analyzed, a filling ratio controller is designed, and the dynamic model of the vehicle driving downhill and the constant-speed control model of the hydraulic retarder are established in the MATLAB/ Simulink environment. The simulation is carried out, and the simulation results as well as the comparison among different control strategies are also analyzed.
Structure and working principles of hydraulic retarder
The hydraulic retarder in this study is parallel to the transmission system through an increasing gear; 11 the mounting position is shown in Figure 1 . The hydraulic retarder is composed of the retarder body, control device, and electric control unit. In the retarder body, the rotor and stator constitute the working chamber. When the retarder is functioning, the working oil flows into the working chamber and the rotor moves with the shaft to drive the working oil to rotate. Meanwhile, the stator is fixed, which generates the reaction force for the working oil, the reaction force is transmitted to the rotor to hinder its rotation, and then the braking torque is generated. The braking torque decelerates the vehicle, and the rotational mechanical energy is converted into the internal energy of the working oil; the heat generated is removed by the radiator. 14 A schematic diagram of the working principle of the hydraulic system of the retarder is shown in Figure 2 . The effect of pressure regulating valve 5 is to regulate the pressure of the hydraulic system. When the retarder is activated, two-position two-way pilot control valve 4 electrifies, and then the working oil is pumped into the working chamber of stator 6 by oil pump 3 through oil filter 2. Subsequently, rotor 7 rotates with drive shaft 8 to drive the working oil to rotate. Afterward, the working oil flows between hydraulic retarder 9 and radiator 11, and the braking torque is generated to decelerate the vehicle. The filling ratio of the retarder is regulated by electromagnetic relief valve 10, which produces back pressure to limit the flow rate of the outlet as well as to control the filling ratio of the working chamber of the hydraulic retarder.
Dynamic model of vehicle driving downhill

Dynamic model of vehicle
The force analysis of the heavy-duty vehicle using hydraulic retarder to brake when driving downhill is shown in Figure 3 . To establish a precise mathematical model, this study considers the effect of rolling resistance and aerodynamic resistance on the vehicle. Based on Newton's second law, the dynamic equation of the vehicle driving downhill is established as equation (1) 15
where m is the vehicle mass (kg); u a is the current vehicle speed (km/h); F f is the rolling resistance (N); F w is the aerodynamic resistance (N); F r is the braking force of the hydraulic retarder (N); G x is the component force of gravity along the slope (N), which is mg sin u; g is the acceleration of gravity, which is 9.8 m/s 2 ; and u is the slope of the road (rad).
The retarder braking force is expressed as
where M r is the braking torque of the hydraulic retarder (N m), i 0 is the gear ratio of the main reducer, h is the efficiency between the retarder and the wheel, and r is the radius of the wheel (m). The rolling resistance is expressed as
where G y is the normal load (N) and f is the rolling resistance coefficient, which is f = 0:00076 + 0:000056u a . The aerodynamic resistance is expressed as
where C D is the aerodynamic resistance coefficient, A is the windward area (m 2 ), and r is the air density (kg/m 3 ).
Model of hydraulic retarder
The braking torque of the hydraulic retarder is determined by the rotor speed and the filling ratio of the working chamber. The braking torque has a linear relation with the filling ratio and has a nonlinear relation with the rotor speed which is calculated as equation (2) 16
where n r = ni g i r
The braking power of the hydraulic retarder is calculated as equation (3) 
where a is the filling ratio of the working chamber (%), M rmax is the braking characteristic when the filling ratio of the working chamber is 100% (original characteristics), r is the density of the working oil (kg/m 3 ), l is the performance factor, D is the profile diameter (m), n r is the rotor speed (r/min), n is the engine speed (r/min), i r is the gear ratio of the increasing gear, and i g is the gear ratio of the transmission.
According to equation (2), the hydraulic retarder can produce large braking torque at high speed and high filling ratio to achieve a good braking effect. However, large braking torque indicates large braking power, and the braking power of the hydraulic retarder determines the heat generated by the retarder. Due to the limitation of the thermal design power (P c ) of the radiator in the hydraulic retarder system, the maximum braking torque of the retarder is restricted by the thermal design power of the radiator, as shown in Figure 4 . To increase the braking torque of the hydraulic retarder and improve its continuous braking performance, on the basis of sufficient arrangement space of the transmission system, the radiator that has a large radiating area and high heat transfer coefficient should be used to increase the thermal design power. 17, 18 Given the restriction of the thermal design power of the radiator, the braking process when the vehicle drives downhill using the hydraulic retarder is divided into three stages, as shown in Figure 5 :
Stage 1 (AB) is the braking process under high rotor speed based on the thermal design power of the radiator. To ensure the continuous braking performance of the retarder, its braking power is equal to the radiating power of the radiator; the braking torque increases with the deceleration of the rotor speed, and the filling ratio increases gradually Stage 1 :
Stage 2 (BC) is the braking process under medium or low rotor speed based on the original characteristics of the retarder. To produce the maximum braking torque, the filling ratio of the working chamber at this stage is 100%; the braking power and braking torque of the retarder decrease with the deceleration of the rotor speed Stage 2 :
Stage 3 (CD) is the braking process in which the vehicle reaches the target speed with constant torque based on the target vehicle speed. When the vehicle reaches the target speed, the constant-speed control strategy is activated, the controller calculates the target filling ratio that the vehicle requires under current road conditions, and then the vehicle drives downhill at this target speed. The filling ratio of the working chamber at this stage is a target ; the braking torque and braking power both have a constant value Stage 3 :
Filling ratio controller
While driving downhill, when the hydraulic retarder is needed to decelerate the vehicle, the driver gets the retarder started and the working oil starts to flow into the working chamber to produce braking torque. After Stage 1 (constant-power brake) and Stage 2 (original characteristics' brake) of the braking process, when the vehicle decelerates to the target speed that the driver expected, the driver turns on the constant-speed switch, then the braking process enters into Stage 3 (constant-speed brake), and the electronic control unit (ECU) records the current vehicle speed as the target speed. The error signal between the current and target speed is inputted to the constant-speed fuzzy controller. The controller then changes the braking torque of the retarder by changing the filling ratio of the working chamber to reach the target of driving downhill at a constant speed. The control logic is shown in Figure 6 . The filling ratio controller designed in this study is intended to adjust the braking torque of the hydraulic retarder. Based on the analysis of the braking process of the retarder in section ''Model of hydraulic retarder,'' the controller is divided into two parts, namely, decelerating controller and constant-speed fuzzy controller. Moreover, the control logic of the main controller is shown in Figure 7 .
Decelerating controller
At the start of the brake, the vehicle speed is relatively high, and the decelerating controller starts to function. The decelerating controller consists of two parts, which includes the constant-power brake (Stage 1) and original characteristics' brake (Stage 2).
At the stage of constant-power brake (Stage 1), the braking power of the hydraulic retarder is equal to the thermal design power of the radiator (P r = P c ); thus, the filling ratio of the working chamber of retarder in this stage is expressed as in which the amount of the working oil in the working chamber of the retarder increases with the deceleration of the vehicle speed until the working chamber is filled with working oil. At the stage of original characteristics' brake (Stage 2), the filling ratio of the working chamber of the hydraulic retarder is a constant value which is a = 100%. The braking torque completely changes according to the original characteristics of the retarder; thus, the braking torque gradually decreases with the deceleration of the vehicle speed until the vehicle speed reaches the target speed.
Constant-speed fuzzy logic controller
Fuzzy control is a computer control technology based on natural language control rules and fuzzy logic inferences. Fuzzy control is extensively used in engineering because of its simplicity, flexibility, and good performance.
The core of the filling ratio controller is the constant-speed fuzzy logic controller which corresponds to the constant-speed brake (Stage 3) of the retarder braking process. This controller uses a method in which the control target is based on the target vehicle speed. This method is stable and reliable and can control the vehicle speed at a rate that is near the target vehicle speed during the braking process of driving downhill. The diagram of the fuzzy control logic is shown in Figure 8 .
As shown in equation (4), the constant-speed fuzzy logic controller includes two inputs, namely, vehicle speed error e and the rate of error e c e = u a À u target ). The output of the fuzzy logic controller is the variation in the expectant target filling ratio Da target , the target filling ratio required a target is a current + Da target , and the braking torque of the hydraulic retarder required M req can be obtained as
The schematic diagram for the fuzzy logic controller with its inputs and output is shown in Figure 9 .
The basic domain of vehicle speed error e is in the range of [20. controller are in the fuzzy set (fuzzy domain) of {23, 22, 21, 0, 1, 2, 3}, and the corresponding linguistic variable set is {NB, NM, NS, ZO, PS, PM, PB}.
Selecting the membership function depends on different control objects; generally, the membership function of the fuzzy subset should be a continuous function and a symmetrical convex fuzzy set in addition to the boundary of the universe of discourse. 19 In this study, all the variables of input and output languages of the constant-speed fuzzy controller use the triangle membership function, which has the advantages of easy implementation, simple operation preferable control performance, and widespread used in fuzzy control, 20 as shown in Figure 10 . PB means positive big, PM means positive medium, PS means positive small, ZO means zero, NS means negative small, NM means negative medium, and NB means negative big.
When the current vehicle speed is significantly higher than the target vehicle speed, which means that the error e is PB, and if the rate of error e c is also PB, then to eliminate the error immediately and prevent the vehicle speed from increasing rapidly during downhill driving, the fuzzy logic controller controls the hydraulic retarder to increase the filling ratio rapidly and thereby to increase the braking torque, indicating that the Da target is PB. However, if the rate of error e c is NS, which means that the speed error tends to decrease, then the current acceleration of the vehicle decreases; thus, the fuzzy logic controller controls the hydraulic retarder to increase the filling ratio appropriately, indicating that the Da target is PS. The overshoot of the system is avoided and the vehicle speed tends to reach the target value immediately.
If the current vehicle speed is significantly lower than the target vehicle speed, then the error e is NB; if the rate of error e c is also NB, then the slope of the road decreases. To prevent the vehicle speed from becoming extremely low, the fuzzy logic controller controls the hydraulic retarder to decrease the filling ratio rapidly and braking torque, indicating that the Da target is NB. However, if the rate of error e c is PS, which means that the error decreases, then the fuzzy logic controller controls the hydraulic retarder to decrease the filling ratio appropriately, indicating that the Da target is NS. The other fuzzy control rules of the constant-speed fuzzy logic controller are presented in Table 1 . The relationship between e, e c , and Da target is shown in Figure 11 .
Simulation analysis
Simulation model
The dynamic model of the vehicle driving downhill is established based on equation (1), and the simulation of the constant-speed control strategy during continuous braking process in the MATLAB/Simulink environment is analyzed, 21 as shown in Figures 12 and 13 . The braking performance of the hydraulic retarder is examined; thus, several assumptions propose that the service and engine brakes do not participate in this simulation model, the vehicle travels in a straight line, the road is flat and adhesion is good, and the wheels do not lock and slip. The onset time of the variation in the filling ratio is considered in the simulation model; specifically, the activation of the retarder takes 1 s, and approximately 0.3 s elapses after the vehicle speed reaches the target speed. The inputs of the model include the vehicle mass, the slope of the road, and other parameters which are shown in Table 2 . The outputs of the model are the vehicle speed and longitudinal acceleration. The core of the simulation model is the hydraulic retarder model. The effect of filling time on the braking performance of the hydraulic retarder is considered. Based on section ''Model of hydraulic retarder,'' the restriction of the thermal design power of the radiator on the braking power of the hydraulic retarder is added to this model, where at the start of the braking process under high rotor speed, the maximum braking power of the hydraulic retarder is equal to the thermal design power of the radiator, which is 600 kW.
Simulation results for constant slope
The simulation results for the heavy-duty vehicle driving downhill at 5% constant slope (the initial vehicle speed and vehicle mass are 60 km/h and 35,000 kg, respectively) are shown in Figure 14 . Specifically, Figure 14 (a) presents the slope of the road, vehicle speed, and vehicle acceleration changing over time. PB  PB  PB  PB  PM  PM  PS  PS  PM  PB  PB  PM  PS  PS  ZO  ZO  PS  PM  PM  PS  PS  ZO  ZO  NS  ZO  PM  PS  PS  ZO  NS  NS  NM  NS  PS  PS  ZO  NS  NS  NM  NB  NM  ZO  ZO  NS  NS  NM  NB  NB  NB  NS  NS  NM  NM  NB  NB After the initial filling process, under the restriction of the thermal design power of the radiator, the braking power of the hydraulic retarder is equal to the thermal design power of the radiator, which is at a constant value of 600 kW. The braking torque of the retarder increases with the deceleration of the vehicle speed, and the filling ratio of the working chamber increases gradually. At 7 s, the working chamber is full of working oil, and the braking torque decreases with the deceleration of the vehicle speed based on the original characteristic of the retarder. At 13 s, the vehicle speed reaches the target speed of 30 km/h; the constant-speed fuzzy logic controller starts to function and calculates the target filling ratio required under the current working conditions based on the speed error and the rate of speed error. The vehicle continues to drive downhill at the target speed and the acceleration tends to stabilize at the constant-speed stage. The initial vehicle speed is then changed to 70 km/h, and the vehicle mass is changed to 40,000 kg; the simulation results are shown in Figure 15 . Figure 15(a) shows that the required time for the vehicle speed to reach the target speed is 21 s. Meanwhile, Figure 15(b) illustrates that the corresponding filling ratio increases from 57% to 65% compared with that in Figure 14 (b), and the braking torque and braking power increase accordingly.
The comparison among the use of the common constant-speed control strategy (by changing the control cycle, initial liquid charge, and variation in liquid charge in each control cycle 9, 10 ), PID control strategy, and the fuzzy constant-speed strategy during downhill driving is shown in Figure 16 . The simulation time is extended to 40 s. Figure 16 shows that when the filling ratio controller is used at the time of reaching constantspeed stage, speed fluctuation hardly occurs and the speed reaches a stable level of 30 km/h; furthermore, the vehicle speed error when reaching the constantspeed stage decreases from 5% to 0.3%. 
Simulation results for changing slope
The simulation results for downhill driving of the heavy-duty vehicle at a changing slope of 4%-8% are reported in Figure 17 . Figure 17(a) shows the slope of the road, vehicle speed, and acceleration change over time. Figure 17 (b) depicts the characteristic of the hydraulic retarder as it changes over time. Moreover, Figure 17 (a) shows that even when the slope of the road is changing and the vehicle reaches the target vehicle speed, the fuzzy logic controller designed in this study can also stabilize the vehicle speed near the target vehicle speed and the acceleration has minimal change. The reason is that during the change in the slope, the filling ratio controller monitors the change in the rate of speed error; based on the fuzzy rules, the filling ratio of the working chamber generates real-time change to stabilize the vehicle speed to reach the target speed. Thus, the vehicle can drive downhill at a stable speed.
The comparison between the current vehicle speed and target vehicle speed during the downhill drive at a changing slope is shown in Figure 18 . The vehicle speed error when reaching the constant-speed stage is in the range of 6 0.3 km/h. According to the comparison, the model that uses fuzzy logic can immediately and accurately stabilize the vehicle speed in the range of the driver expectations.
Conclusion
Focusing on the hydraulic retarder function of downhill driving at constant speed, this study proposed a constant-speed control strategy based on fuzzy theory which could lead to significant improvements in the safety of road transport. A filling ratio controller for the hydraulic retarder was designed to immediately and accurately produce braking torque during downhill driving to satisfy the braking requirements of the vehicle. The vehicle dynamic model and hydraulic constantspeed model were established in the MATLAB/ Simulink environment. Based on the simulation results, the following conclusions are made:
1. The braking process of the vehicle driving downhill is classified into three stages, and the computational formula of the braking torque as well as the braking power and filling ratio of the hydraulic retarder is deduced. The accuracy of the established model of the hydraulic retarder was verified by comparing the simulation results with those of the theoretical analysis. 2. During the constant-speed stage of the vehicle downhill driving, the designed filling ratio controller is responsive and can immediately and accurately calculate the target filling ratio. The hydraulic retarder then outputs the braking torque required under current conditions to enable the vehicle to drive at a constant speed, which meets the control target of the braking torque. 3. The comparison among the common constantspeed strategy, PID control strategy, and the control strategy in this article shows that the controller designed in this study has better constant-torque performance. When the vehicle speed reaches the target speed, the hydraulic retarder can produce a stable braking torque, the vehicle speed error decreases from 5% to 0.3%, and the stability of the vehicle as it drives downhill improves significantly. 4. When the vehicle drives downhill at a changing slope, the controller controls the retarder to produce real-time braking torque to enable the vehicle speed to reach the target speed as fast as possible. The error is below 1%, which shows that the designed controller has good antiinference performance.
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